The recently discovered UiO-66/67/68 class of isostructural metallorganic frameworks (MOFs) [J. Am. Chem. Soc., 2008, 130, 13850] has attracted great interest because of its remarkable stability at high temperatures, high pressures and in presence of different solvents acids and bases [Chem. Mater., 2011, 23, 1700. UiO-66 is obtained connecting Zr 6 O 4 (OH) 4 inorganic cornerstones with 1,4-benzene-dicarboxylate (BDC) as linker resulting in a cubic MOF, already been successfully reproduced in several laboratories. Here we report the first complete structural, vibrational and electronic characterization of the isostructural UiO-67 material, obtained using the longer 4,4′ biphenyl-dicarboxylate (BPDC) linker combining laboratory XRPD, Zr K-edge EXAFS, TGA, thermogravimetry, FTIR, UV-Vis studies. Comparison between experimental and periodic calculations performed at B3LYP level of theory allows a full understanding of the structural, vibrational and electronic properties of the material. Both materials have been tested for molecular hydrogen storage at high pressures and at liquid nitrogen temperature. In this regard, the use of a longer ligand has a double benefit as (i) it reduces the density of the material and (ii) it increases the Langmuir surface area from 1281 to 2483 m 2 g -1 and the micropore volume from 0.43 to 0.85 cm 3 g -1 . As a consequence, the H 2 uptake at 38 bar and 77 K increases from 2.4 mass% for UiO-66 up to 4.6 mass% for the new UiO-67 material. This value is among the highest vales reported so far but is lower than those reported for MIL-101, IRMOF-20 and MOF-177 in similar pressure and temperature conditions (6.1, 6.2 and 7.0 mass%, respectively) [J. Am. Chem. Soc., 2006, 128, 3494; Angew. Chem.-Int. Edit., 2008, 47, 6766]. Nevertheless the great chemical and thermal stability of UiO-67 and the absence of Cr in its structure would make this material competitive.
Introduction
Metallorganic frameworks (MOFs), also known as coordination polymers, a new class of hybrid materials have attracted much interest in the scientific community. The interest of the industrial community 22, 23 started also growing up with a 5-10 year in time delay, basically driven by the rapidly increasing number of new MOFs showing a good framework stability upon desolvation and thermal treatments. 16, 17, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Due to high porosity, 36 absence of dead volume and low density MOFs have gained popularity as adsorbents. MOFs are among the promising materials for non-dissociative hydrogen storage 10, 18, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] which is an important research topic that could solve our energy and environmental crisis. [56] [57] [58] [59] [60] The facile synthesis of MOFs from the inorganic and organic building blocks and the modular nature of MOFs enable to access not only unlimited number of structure but also gives control over the pore size, shape and functionality. Indeed several MOFs have been tested for the hydrogen uptake and various strategies have been employed to improve the uptake, thermodynamic studied the thermal and chemical stabilities of isostructural UiO-66-X (X= NH 2 , Br and NO 2 ), observed the lower stability of this analogue with respect to parent . Conversely UiO-67 shows thermal and chemical stability similar to that of UiO-66 with doubled the surface area. H 2 adsorption isotherms are supported by parallel variable temperature IR experiments investigating the interaction of H 2 with UiO-67 in both hydroxylated (with μ3-OH) and dehydroxylated forms. Variable temperature IR spectroscopy is the perfect tool to understand the hydrogen interaction with surface sites. [66] [67] [68] [69] The knowledge of the interaction between surface sites and adsorbing hydrogen molecule will help to modify the property of surface in order enhance the binding of incoming molecule.
The structure stability upon thermal treatment of UiO-67 has been checked by XRPD, EXAFS and TG experiment, showing to be a good as that of . Finally, the dehydroxylated form of UiO-67 has been investigated with periodic density functional theory (DFT) calculations employing the hybrid B3LYP 70, 71 functional as implemented in the CRYSTAL program. 72, 73 Comparison with EXAFS, IR and UV-Vis data indicates an excellent agreement between theoretical and experimental results, allowing a complete understanding of the structural, vibrational and electronic properties of this complex material.
Materials and Methods

Materials
2.1.1. UiO-67. 300 ml DMF was added to 2.3 g (10 mmol) ZrCl 4 in an oven-dried 500 ml round bottom flask. The smoking (HCl) mixture was stirred a few minutes to get all the ZrCl 4 in solution, then 2.4 g (10 mmol) Biphenyl-4,4′-dicarboxylic acid was added. After stirring for 10 min, 0.25 ml (14 mmol) H 2 O was added and 50 ml DMF to wash down any solids on the sides of the flask. The resulting white mixture was heated without stirring on an oil bath at 95°C for 100 h, cooled to RT and carefully filtered. Identification by PXRD. Yield: 4.4 g of white solid still containing some solvent in its cavities evaluated by TGA and BET preparation to app. 50 mass % bringing the yield of pure emptied sample to app. 2.2 g (ca. 63 %). The material was dried in vacuo 20 h to get an air and moisture stable sample. The total absence in the IR spectrum of the desolvated sample (vide infra blue curve in Figure 5 ) of a component around 1700 cm -1 , fingerprint of the (C=O) mode, excludes the presence of any residual unreacted free acidic molecules. 66 . For comparison, structural and H 2 -adsorption properties of UiO-67 are compared to those obtained on isostructural UiO-66 MOF, that has already been successfully synthesized and functionalized in many laboratories worldwide. The synthesis of UiO-66 has already been detailed elsewhere. 30, 74 
UiO-
Experimental methods
2.2.1. XRPD. Powder X-ray Diffraction measurements were performed on a Bruker D5000 instrument with monochromatic CuKα1 radiation (λ = 1.540 Å) operated in Bragg-Bretano geometry and a variable slit. The instrument was equipped with a sample changer for PXRD plates giving non-transmission PXRD diffractograms. All data were collected at an ambient temperature. As synthesized materials (hydroxylated forms) were measured in air, while desolvated materials (dehydroxylated forms) were measured inside sealed capillaries, after thermal activation at 400 °C to check the framework stability.
TGA.
Thermo gravimetric analysis (TGA) was carried out in a 20 % mixture of oxygen in nitrogen using a Rheometric Scientific STA 1500 instrument with an adapted gas supply system. The approximate sample weight was 10 mg and the heating rate 5 °C/min.
MID-IR.
Infrared spectroscopic measurements were performed on a thin self supporting wafer of the samples by using a homemade cryogenic cell, 67, 75 that allowed us to perform (i) in situ sample activation; (ii) gas dosage and (iii) variable-temperature Infrared (VTIR) spectroscopy of adsorbed hydrogen while simultaneously recording temperature and equilibrium pressure. Transmission FT-IR spectra were recorded at 1 cm -1 resolution using a MCT detector equipped Bruker Equinox-55 FTIR spectrometer of which sample compartment was modified to accommodate the cryogenic IR cell.
ATR.
Vibrational framework modes have been collected in attenuated total reflection (ATR) mode on a Bruker single reflection ALPHA-Platinum ATR spectrometer with a diamond crystal. The instrument is located inside a glove box allowing spectra collection of activated samples in inert atmosphere.
DR-UV-vis-NIR.
Electronic transitions have been measured on a Varian Cary 5000 spectrometer equipped with a reflectance sphere on thick self-supported pellets. Volumetric measurements Surface area, pore volume and pore size distribution were obtained by N 2 adsorption measurements carried out at 77 K on a Micromeritics ASAP 2020 sorption analyzer.
2.2.6. H 2 -uptake. Excess H 2 adsorption isotherms at 77 K were obtained over the 0 -80 bar pressure range by volumetric analysis (PCI instrument by Advanced Materials Corporation, Pittsburgh PA). Ultra pure 6.0 grade H 2 (99.9999%V; Rivoira) was used. The activated powder (about 500 mg) was then transferred under nitrogen atmosphere in the measurement cell. The skeletal sample density of the samples was determined by helium isotherms conducted on the samples at 293 K in the 0-20 bar range by means of an intelligent gravimetric analyzer (IGA-002, supplied by Hiden Analytical Ltd, UK).
EXAFS.
Extended X-ray absorption fine structure spectroscopy (EXAFS) on desolvated UiO-67 has been collected in transmission mode at the BM01B (SNBL) beamline of the ESRF. The white beam was monochromatized using a Si(111) double crystal; harmonic rejection was performed by using two flat mirrors. EXAFS spectra were collected in transmission mode. up to 20 Å -1 with a variable sampling step in energy, resulting in k = 0.05 Å -1 , and an integration time that linearly increases with k from 2 to 5 s/point to account for the low signal-to-noise ratio at high k values. Ionization chambers measuring I 0 and I 1 were optimized to have, at 18 keV, an absorption efficiency of 15 and 50%, respectively. UiO-67, in form of self supported pellets of optimized thickness, was located inside an ad hoc conceived cell 76 and measured in its desolvated form.
The extraction of the (k) function was performed using the Athena code. 77 For each sample, three consecutive EXAFS spectra were collected and corresponding (k) functions were averaged before data analysis. 78 EXAFS data analysis was performed using the Arthemis software. 77 Phase and amplitudes for all single scattering (SS) and multiple scattering (MS) paths were calculated by FEFF6 code 79 using as input the structure of the dehydroxylated UiO-66 solved by EXAFS in previous works, 30, 74 The averaged k 3 (k) function was Fourier Transformed in the k = 2.00-15.00 Å -1 interval. The fits were performed in R-space in the R = 1.00-5.30 Å range (2 k R/ > 35). EXAFS spectra on UiO-66 have been collected in transmission mode at the BM29 beamline of the ESRF, as described in detail elsewhere, 30, 74 and will be here used for comparison with the analogous data collected on UiO-66 to prove that both materials are constituted by the same Zr 6 O 6 inorganic cornerstones.
Theoretical methods
The theoretical investigation of UiO-67 MOF (in its hydroxylated and dehydroxylated structures) was carried out with periodic density functional theory (DFT) calculations employing the hybrid B3LYP 70, 71 functional as implemented in the CRYSTAL program. 72, 73 Crystalline orbitals (CO) are represented as linear combinations of Bloch functions (BF), and are evaluated over a regular three-dimensional mesh in the reciprocal space. Each BF is built from local atomic orbitals (AO), which are contractions (linear combinations with constant coefficients) of Gaussiantype functions (GTFs), each GTF being the product of a Gaussian times a real solid spherical harmonic.
As already successfully done for the isostructural UiO-66, 74 the following computational details have been adopted. All electron basis sets were used for Zr, O, C and H atoms; they consist of (8s)-(7631sp)-(621d), (8s)-(411sp)-(1d), (6s)-(31sp)-(1d) and (31s)-(1p) respectively. Basis sets for Zr and O were taken from ref. 80 and ref. 81 Hartrees during geometry optimization and frequency calculation steps, respectively. The Pack-Monkhorst/Gilat shrinking factors for the reciprocal space were set to 2, corresponding to 3 real reciprocal space points at which the Hamiltonian matrix was diagonalized. The five truncation criteria (TOLINTEG) for the bielectronic integrals (Coulomb and HF exchange series) were set to 7 7 7 7 16. 73 A modified Broyden scheme 82 following the method proposed by Johnson 83 was adopted to accelerate convergence in the self-consistent calculations; the method was applied after five SCF iterations, with 50% of Fock/KS matrices mixing and with the Johnson parameter set to 0.05. The above computational parameters ensured a full numerical convergence on all the computed properties described in this work.
Both the hydroxylated and dehydroxylated structures were derived from the experimental geometry (cubic, space group Fm-3m, No. 225); the former was optimized in the space group F23 (cubic, No. 196) while the calculations on the latter were performed in the space group R32 (trigonal, No. 155). A full relaxation of the structures (both lattice parameters and atomic positions) was performed by keeping the symmetry of the systems; optimizations were iterated until no changes appeared in the geometry.
The calculations of vibrational frequencies at the point, were performed on the optimized geometry by means of a mass-weighed Hessian matrix obtained by numerical differentiation of the analytical first derivatives. 84, 85 Full details and discussion of the computational conditions and other numerical aspects can be found elsewhere. 86 
Results and discussion
Since its discovery in late 2008, 30 UiO-66 has immediately been recognized by the scientific community as one of the most promising MOF materials for both catalytic and photocatalytic application and the synthesis of UiO-66 and of functionalized derivatives has been well documented in the literature coming from several laboratories. 11, 12, 64, 65, [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] Conversely, to the best of our knowledge, only Schaate et al. 101 have so far been able to reproduce the synthesis of UiO-67. This material has consequently still to be considered as a prototype material, which synthesis and framework stability and properties have to be checked and confirmed by the scientific community. For this reason, before entering in the discussion of the interaction between H 2 and UiO-67 (Section 3.4), we report a detailed description of the structural (Section 3.1), vibrational (Section 3.2) and electronic (Section 3.3) properties of UiO-67 comparing experimental and theoretical results. Sections 3.1-3.3 represent the first complete characterization of UiO-67 and are the proofs that the H 2 adsorption data reported in Section 3.4 have been obtained on a material that actually corresponds to the target UiO-67. 4 cluster leave the structure giving de-hydroxylated MOF in which inorganic cluster rearrange into distorted Zr 6 O 6 cluster (vide infra the top inset in Figure 3 ). UiO-67 is 3D, porous and isostructural to the prototype UiO-66 Zr-MOF being the linker the only difference, see Figure 1 . 30 The use of BPDC in stead of BDC ligand results in symmetric expansion of UiO-66 topology. The inorganic brick in the structure, is still 12 coordinated Zr 6 O 4 (OH) 4 (CO 2 ) 12 cluster that gives high temperature stability to both prototype UiO-66 and UiO-67 framework. The longer linker implies that both the tetrahedral and octahedral micro porous cages are of wider dimension in the UiO-67 case (Figure 1cd ), moving from 7.5 to 12 Å and from 12 to 16 Å, respectively. For H 2 storage purposes the use of a longer ligand has a double benefit. On one hand it implies a decrease of the sample density, on the other it allows larger internal empty volumes to host H 2 molecule in the liquid-like state, see right parts in Figure 1 . As was the case for UiO-66, 30, 64 solvent removal left the XRPD pattern of UiO-67 almost unchanged: all peaks are present at almost the same angular position, just characterized by a small intensity variation. The presence of the diagonal linkers combined with the strong linker-inorganic brick interaction is responsible for the high rigidity and an exceptional thermal and chemical stability of the framework. TG analysis of the UiO-67 (blue curve in Figure 2b ) shows two steps weight loss prior to the formation of final ZrO 2 product. The first step of 42 % weight loss (20-300°C) , is assigned to the loss of solvent. This value is more then the double then the corresponding weight loss observed for UiO-66 (red curve in Figure 2b ) and is a consequence of the larger internal volume of UiO-67. The blue curve shows a stability plateau in the range of 300-500°C range before a second step of additional 34% weight loss(500-560°C), corresponds to the thermal decomposition of solid occur and the formation of ZrO 2 . This second step exhibits a larger weight loss than that observed for UiO-66 because of higher relative mass of the ligand. From this weight loss we obtain the ratio between Zr and linker masses, that is 1:1.4 for UiO-67 and ranges between 1:0.9 and 1:1.1 for UiO-66. In both cases a bit less than expected from the theoretical stoichiometric composition, probably due to some missing linkers. 64 The stability of the framework after the treatment at 300°C was also confirmed by the surface area measurements (see Table 1 and V micro = 0.43 cm 3 g -1 ), as expected. Table 1 summarizes the results of the BET analysis on both materials. As far as UiO-67 is concerned, the disagreement between S Langmuir and S theor is in the order of 10% (see Table 1 ), a value that is in line with the results obtained on this class of materials. Many washing/activation methods has been tested for UiO-67: washing with DMF, MeOH, EtOH, Ether, boiling in water and just heating to 250-300 °C, without altering the observed surface area. 102 Zr K-edge EXAFS on iso-reticular UiO-66 and UiO-67 will inform on the structure of the respective Zr 6 O 6 inorganic cornerstone only. We are consequently expecting to obtain basically the same result on the two compounds. Indeed, the local nature of the technique will prevent EXAFS to appreciate the change of the ligand from BDC to BPDC. Notwithstanding this limitation the technique will have as major goal to testify that the two materials have the same inorganic cornerstone. Secondarily, we will learn from EXAFS if the two different ligands have some effect in determining small structural changes in the Zr 6 O 6 structure. It is indeed well known from literature that EXAFS spectroscopy has been of great help in elucidating the local structure of inorganic cornerstones 14, [27] [28] [29] [30] 64, 92, 103, 104 or of inorganic backbone 14, [105] [106] [107] [108] for different MOFs materials. Figure 3 reports a direct comparison between the EXAFS spectra of the dehydroxylated forms of UiO-66 (red curves) and UiO-67 (blue curves) in both k and R spaces. Form a simple view on the experimental data it is evident that data collected on UiO-66 and UiO-67 are, as expected, very similar. In k-space (inset in Figure 3 ) only a small shift in the maxima and minima of the k 3 (k) is appreciable in the low k region. This is simply due to the different extraction procedure adopted for treating two data collected on two different beamlines, particularly the E 0 definition. This discrepancy will be cured in the EXAFS data analysis by optimizing the parameter E, see Table 2 . Also in R-space the two data are very similar. UiO-67 results in slightly less intense signals. This effect could be related either to an increase degree of heterogeneity or to a small variation in the bond length resulting in a more destructive interference among the different single scattering (SS) and multiple scattering (MS) paths. To discriminate among these two possibilities, a detailed EXAFS data analysis must be carried out. The closer resemblance between the experimental data colleted on the dehydroxylated forms of UiO-66 and UiO-67 ( Figure 3 ), allows us to adopt for UiO-67 the same refinement procedure adopted to solve the structure of dehydroxylated UiO-66. 64 Results are summarized in Table 2 and Figure 3 (Blue and cyan curves). The model foreseen that the perfect Zr 6 (OH) 4 O 4 octahedron forming the cornerstone of the as synthesized material evolves along the dehydroxylation process in to a distorted Zr 6 O 6 octahedron where both the Zr-Zr distances of the side (R Zr1 ) and of the diagonal (R Zr2 ) of the octahedron are split into a long and a short couple of distance labeled as (R Zr1a , R Zr1b ) and (R Zr2a , R Zr2b ), respectively. The distortion is depicted in the top inset of Figure 3 .
Structural characterization
Frameworks stability and porosity: comparison among
The strong intensities of the Zr1a and Zr1b signals allow to determine the corresponding contributions in R-space just by looking to the modulus of the Fourier Transform (FT) of the experimental EXAFS spectrum. Zr2a and Zr2b signals are much less intense because both of their longer distance from the absorber and their low coordination numbers (N Zr1a = 1/3; N Zr1a = 2/3, see Table 2 ) and their location can not be appreciated from the modulus, but it can be guessed looking to the imaginary part of the FT. To obtain precise Zr-O and Zr-Zr distances a fit of the EXAFS spectrum has to be performed. The fit locates the Zr2a contribution at 4.15 0.07 Å, i.e. basically the same value found in the UiO-66 case 64 (4.14 0.07 Å, see Table 2 ). The optimized value of R Zr2b = 5.30 0.04 Å well agrees with the value predicted by the simple apical squeezed model (R Zr2b = √2 R Zr1b = 5.37 Å). Please note also that the distance of R Zr2a = 4.15 0.07 Å well agrees with the model of an apical-squeezed octahedron, predicting R Zr2a = √[4 R Summarizing, EXAFS confirms that the inorganic cornerstone of UiO-67 is the distorted Zr 6 O 6 , as is the case for UiO-66, and has been able to appreciate some minor distortions due to the use of two different ligands.
Theoretical periodic calculations.
Here we report a periodic ab initio DFT (at the B3LYP level of theory) computational study carried out by using the CRYSTAL code 72 Table 3 reports the summary of the most relevant distances in the hydroxylated and dehydroxylated forms of UiO-67 as optimized at the periodic P3LYP level of theory. In the structure of UiO-67, the linker twists with respect to the center: i.e. the two phenyl groups twist with opposite angle with respect to the cavity. This reduces the symmetry of the structure; from space group [F-43m (216)], used for the UiO-66 structure, 74 down to the space group [F23 (196)], still cubic, though. This causes a splitting of the R O1 and of the R C distances between Zr atoms and the O and C atoms of the linker, due to the presence of two crystallographic independent O and C atoms of the linker in F23 space group. Table 3 also reports the average values of such distances. Beside this aspect, the structure of the Zr 6 O 4 (OH) 4 inorganic cornerstones, in terns of relative distances among atoms, is virtually the same for the hydroxylated forms of UiO-67 and UiO-66 homologues.
The same holds for the Zr 6 O 6 inorganic cornerstones of the dehydroxylated form (right part in Table 3 ) that exhibit very similar distances to those obtained in the calculations on the UiO-66 homologue at the same level of theory. 64 In the present case the dehydroxylated form of UiO-67 has been optimized in the [R32 (155)] space group. The agreement between periodic B3LYP calculations and EXAFS is quite good as can be observed comparing the results reported in Table 2 and Table 3 . The following differences have been obtained between theoretical and experimental distances: R 3-O = -0.04 Å; R O1 = -0.027 Å; R C = +0.088 Å; R Zr1a = +0.097 Å; R Zr1a = -0.065 Å. Figure 4 reports a direct comparison between experimental (top) and theoretical (bottom) framework modes of UiO-67 in its hydroxylated (cyan spectra) and dehydroxylated (blue spectra) forms. Experimental and computed spectra are in very good agreement thus allowing an assignment of the main observed IR peaks. Actually, as the vibrational modes of UiO-67 are very close to those of the UiO-66 homologue, compare the cyan-blue spectra with the orange-red ones in the bottom part of Figure 4 . This fact allows a straightforward assignment of the main framework modes of UiO-67 on the basis of the deep discussion presented elsewhere on the UiO-66 homologue. Figure 4 . Vibrational framework modes of UiO-67 in its hydroxylated (cyan curves) and dehydroxylated (blue curves) forms. Top: experimental ATR IR spectra. Bottom: Theoretical spectra computed at the point, on the optimized geometries, by means of a mass-weighed Hessian matrix obtained by numerical differentiation of the analytical first derivatives. 84, 85 No scaling factor has been applied to the theoretical curves.
Vibrational properties of hydroxylated and dehydroxylated UiO-67
ATR vs. theoretical calculations.
In this context we can consequently be very short, reporting in Table 4 a selection of the calculated vibrational frequencies (and the description of the corresponding normal modes) for UiO-67 and UiO-66 in both their hydroxylated and dehydroxylated forms. The only relevant difference is due to the band at 1210 cm -1 (1180 cm -1 in the experimental spectra) that is observed on UiO-67 only. This band is due to collective modes of the BPDC linker mainly involving bending modes of the hydrogen atoms of the rings. In both theoretical and experimental spectra, this band is almost unaffected by the dehydroxylation process as the inorganic cornerstones does not participate to the modes. Modes animation can be visualized at the CRYSTAL web-page. 112 Table 4 . Selection of calculated harmonic vibrational modes (in cm -1 ) compared for the two structures. See the bottom part of Figure 4 for a graphical representation of the calculated spectra. No scaling factor has been adopted. Refer to the CRYSTAL web-page 112 for the full calculated spectra. 74 Therefore only the vibrations which undergoes in change upon desolvation are discussed here for UiO-67. Figure 5 show the main spectral regions of the IR spectra of UiO-67, in which changes occur. and doublet at 2930 and 2873 cm -1 . These are assigned to the hydrogen-bonded adsorbed water and (C-H) stretching modes of the physisorbed DMF. In the low frequency region (Figure 5b ) the absorption bands which undergo changes upon degassing are seen at: broad and intense absorption at 1662 cm -1 , medium intense band at 1256 cm -1 and intense sharp band at 1096 cm -1 with a shoulder at 1062 cm -1 . These bands are respectively assigned to the (OH 2 ), (CH 3 ) and (C-O) vibration of the physisorbed water and DMF.
The spectrum obtained upon degassing at room temperature illustrated by cyan curve Figure  5 relevant changes are seen in both frequency regions. In high frequency region (Figure 5a ) the broad band at 3430 cm -1 and the doublet at 2930 -2873 cm -1 shows significant decrease in an intensity with a shift in maxima of first to 3240 cm -1 , is mainly due to removal of physisorbed solvent (H 2 O and DMF). The growth of a sharp new component is observed at 3676 cm -1 and is assigned to the (O-H) stretching of μ 3 -OH present at the Zr 6 -octahedron. In the low frequency region 1256, 1096 and 1062 cm -1 bands associated to solvent show decrease in an intensity. Conversely the broad and intense absorption centered at 1662 cm -1 is transformed to a narrow intense components centered at 1667cm -1 with a shoulder at 1712 cm -1 . This latter component can be assigned to the (C=O) mode of the residual DMF.
Degassing at high temperature (300°C for 30 min) give rise to the spectrum presented by blue curve in Figure 5 . The spectrum shows the absence of all the bands associated to the DMF and water and also the newly appeared 3676 cm -1 component associated to the μ 3 -OH present at the Zr 6 -octahedron is almost disappeared. This indicates the complete de-solvation and also dehydroxylation of the UiO-67 framework.
Electronic properties of UiO-67: DR-UV-vis-NIR vs. theoretical calculations
DR-UV-vis-NIR spectroscopy.
The overall electronic properties of MOFs are basically characterized by metal clusters or metal ion (mainly transition metal containing) and by organic linker, which are the main framework constituent. 64, 109 The immensely available choice of framework constituent and the presence of these framework constituent with retaining their molecular properties enables to modulate not only the topological properties but also the electronic properties of the framework. For example, increase in conjugation of organic linker or using electron donor substituted arene 91 will give bathochromic shift in absorption maxima. This phenomenon is well illustrated in the UV-Vis spectra reported in Figure 6 for a series of isostructural UiOs-66/67. In accordance to what has been observed for UiO-66, 64 we anticipate that the band gap in UiO-67 is defined by the linker. Figure 6a shows the DRS UV-Vis spectra of UiO-67 (hydroxylated, cyan curve, and dehydroxylated, blue curve) and its comparison with monocline ZrO 2 (gray curve). Figure 6b reports the DRS UV-Vis spectra of UiO-66 (orange curve) and UiO-66-NH 2 (pink curve), while the spectrum of UiO-67 is repeated for a direct comparison. The spectra of the hydroxylated and dehydroxylated forms of UiO-67 show an absorption edge around 337 and 354 nm respectively (3.66 and 350 eV) ascribed to the electronic transition of the biphenyl linker system. The absorption edge going from the hydroxylated to the dehydroxylated firm of UiO-67 is blue shifted, as previously observed for UiO-66. 64 The red shift of the UiO-66 band gap with respect to the * transitions of benzene, is a consequence of the conjugation with the two carboxylate groups. A further conjugation in biphenyl linker further reduces the energy gap (E g ) moving from UiO-66 to UiO-67; 305 nm (4.07 eV) vs. 337 nm (3.66 eV), see Figure 6b .
The role of organic linker in defining the band gap of UiOs framework was well utilized by Silva et al., 87 demonstrating the enhanced photocatalytic activity of UiO-66-NH 2 over UiO-66 in the production of hydrogen from methanol/water system. The enhanced activity was obtained by increase in the light absorption by the presence of-NH 2 group in linker. The spectrum of UiO-66-NH 2 as made, is shown as pink curve in Figure 6b , in this case the absorption edge is centered around 420 nm (2.95 eV), which is responsible for the yellow color of the sample. The grafting of Cr(CO) 3 on the benzene rings of the BDC linker causes a only small shift of the transition, while the band at higher wavelength is due to a Cr(CO) 3 arene charge transfer (CT). Therefore the experimental band gap order for isostructural UiOs follows : UiO-66 UiO-66-Cr(CO) 3 < UiO-67 < UiO-66-NH 2 , see Table 5 . Figure 6 . Part (a): DRS-UV-Vis spectra of UiO-67 in its hydroxylated (cyan curves) and dehydroxylated (blue curve) forms. For comparison, also the spectrum of monoclinic ZrO 2 is reported. The inset reports in |e|/Bohr 3 the electrostatic potential computed by CRYSTAL code at B3LYP level of theory on both hydroxylated (left) and dehydroxylated (right) forms of UiO-67. The picture is focused on the Zr 6 octahedron. In both parts, the positive potential of the Zr atoms is clearly visible, as well as the four coordinated, negatively charged, oxygen of the carboxylate units. 3 -OH units are evidenced by blue circles in the left part. Part (b): modification of the energy gap of the UiO-66-67 family upon change of ligand (all hydroxylated forms but UiO-66-Cr(CO) 3 ). The rectangles report in the same color code as the spectra the different linkers used to form UiO-67 (cyan), UiO-66 (orange), UiO-66-NH 2 (pink) and UiO-66-Cr(CO) 3 (green). 64 the accuracy of the computational approach to evaluate E g was first checked for the three forms of ZrO 2 , to verify the validity of the adopted level of theory. In agreement with the results of Kralik et al., 113 who adopted a plane wave approach, we found that the zirconia E g increases in the order monoclinic < cubic < tetragonal. 64 Comparison with the experimental E g value for the monoclinic phase results in an overestimation of about 22 % confirming the general overestimation of E g computed at B3LYP level of theory. 114, 115 The systematic overestimation of the E g computed at B3LYP level of theory is confirmed for UiO-66 and UiO-67 MOFs, see Table 5 . Of interest is that computed E g values reproduce all the experimental trends: (i) for both UiO-66 and UiO-67, computed E g are larger in the hydroxylated forms then in the dehydroxylated ones; (ii) the experimental trend for the transitions UiO-66 UiO-66-Cr(CO) 3 < UiO-67 < UiO-66-NH 2 is fully confirmed see Table 5 .
For both UiO-66 and UiO-67, the analysis of the density of states projected on the different atoms of the framework (not reported) allows to understand the origin of the band gap tuning upon dehydroxylation. In both hydroxylated and dehydroxylated cases, the carbon atoms of the organic linker are those involved in the modulation of the band gaps while Zr atoms do not play any role. This result is similar to that obtained for MOF-5 structure. 109 Interestingly, the E g of UiO-67, UiO-66 and MOF-5 show different behaviour with respect to that of their corresponding oxides (i.e. ZrO 2 and ZnO). For MOF-5, the presence of valence electronic bands in the gap due to the organic linkers leads to an increase of the computed E g (from 3.4 eV for ZnO to 5.0 eV) while, for UiO-67 (or UiO-66) this causes an E g reduction: from 6.3 to 3.68 eV (4.07 eV). Consequently, the role of the organic linker to define the band gap of the MOF suggests that its functionalization 65, 87, 91 and/or interaction with adsorbed molecules are a mean to tune MOF's band gaps, opening a way for optical and sensoring applications.
The electrostatic potential was calculated and mapped on a charge density iso-surface of 0.003 |e|. 3D maps are reported in the right insert of Figure 6a ; left and right parts for the hydroxylated and dehydroxylated UiO-67 structures, respectively. Red, green and blue regions represent negative, zero and positive values, respectively. In the right part, a prominent neutral zone shows up corresponding to the hydrogen atom of the 3-OH units in the inorganic brick of the hydroxylated system (evidenced by the blue circles). In both parts, the positive areas around the zirconium atom (blue spots) are very similar, while the negative zone in looks stronger in the hydroxylated form. Comparison between the two parts allows to have a qualitative view on the electronic rearrangement undergone by the Zr 6 O 4 (OH) 4 unit upon dehydroxylation. On top of this, such qualitative pictures can be of help in the identification of preferential adsorption sites for small molecules; nevertheless, in the present case, the high packing of the Zr 6 O 4 (OH) 4 and Zr 6 O 7 units (that are linked to twelve BPDC units) do not allow access to the metal centers. Molecular adsorption, even for H 2 is then expected to occur mainly on the BPDC linkers. This aspect, suggested by calculations will be confirmed by temperature dependent IR spectroscopy of adsorbed H 2 , see Section 3.4.2.
H 2 adsorption onto UiO-67: comparison with UiO-66
3.4.1. Volumetric Measurements. The H 2 isotherm obtained at 77 K on UiO-67 is reported in Figure  7 (blue symbols) and compared to that collected on UiO-66 (red symbols). For both materials. the fully reversibility of the adsorption process is evident from the complete coincidence of the adsorption and desorption curves. The equilibrium for each point was reached after less than 100 s indication of the unhindered diffusion of H 2 inside the pores of the material. In all the cases the excess mass% reached its maximum at pressure definitely lower than P=80 bar, in particular: 2.4 mass% at 31 bar for UiO-66 (2.2 mass% at 84 bar) and 4.6 mass% at 38 bar for UiO-67 ( The H 2 uptakes have a linear dependence on the surface area and pore volume at high pressure as expected on qualitative speculations and on previous results reported in literature. The values obtained are close to those expected on the basis of the surface area and with the hypothesis of monolayer formation (having the same hydrogen density at the triple point (0.077 g cm -3 ). This result indicates the samples were fully activated. This also indicates that, in the present cases, the growth of both UiO-66 and UiO-67 didn't suffers of co-penetration problems observed in other cases. 29 An uptake of 4.6 mass% at 38 bar, although noteworthy being among the highest vales reported so far, it is sensitively lower than those reported for MIL-101, IRMOF-20 and MOF-177 in the same pressure and temperature conditions (6.1, 6.2 and 7.0 mass%, respectively). 44, 116 Nevertheless the great chemical and thermal stability of UiO-67 and the absence of Cr in its structure would make this material competitive with respect to the other MOFs, although the temperature and pressure conditions of storage make its use as material for H 2 storage not economically sustainable.
Variable Temperature FTIR spectroscopy.
The IR spectra recorded for the adsorption of H 2 on isoreticular UiO MOFs as a function temperature (15-300 K) with initial pressure of 45-50 mbar of H 2 are reported in Figure 8 . In all the cases, the first IR signal of adsorbed hydrogen was observed in the temperature (T onset ) range of 100 -95 K. This T onset value is similar to the one found for the MOFs without accessible metal sites (such as MOF-5) 47 and for organic polymers (polystyrene). 117 This T onset value is quite lower with respect to MOFs with accessible metal sites such as HKUST-1 (140 K) and CPO-27-Ni (180 K). 47 The IR spectra of hydrogen adsorbed on hydroxylated (solvent removed) and dehydroxylated UiO-67 ( Figure 8a , b respectively) have a complex structure, where different peaks corresponds to hydrogen interacting with different adsorption sites. For comparison, Figure 8c shows the IR spectra obtained for the hydrogen adsorption on dehydroxylated UiO-66. (c) , respectively. Dotted curves represent the activated material before H 2 dosage (spectra collected at 15 K). Bold curves represent the highest H 2 coverage (spectra collected at 15 K). Intermediate curves, from bold to dotted curve represents spectra collected at increasing temperatures. Right insets show the (OH) stretching region of the IR spectra before (dotted curves) and after (bold curves) H 2 dosage. Left insets show the structure of the Zr 6 O 4 (OH) 4 and Zr 6 O 6 octahedra acting as inorganic cornerstones for the hydroxylated and dehydroxylated forms of the UiO-66/67 family.
The adsorption of H 2 to the surface site of any nature (cationic or anionic) perturbs the molecule causing the appearance of an induced dipole that makes active band due to (H-H) stretching mode. This results in the appearance in the IR spectra of (H-H) bands red shifted from the gas phase Raman value (4160 cm -1 ), being both the red shift and the extinction coefficient correlated to the perturbation induced by the adsorbing site on the molecule. 66, 67, 69 In all the three cases investigated in Figure 8 the most perturbed vibration band is observed at 4108 cm -1 ( -H) -52 cm -1 ). This band is assigned to the (H-H) of the hydrogen in an interaction with 3-OH hydroxyl groups of the Zr 6 O 4 (OH) 4 inorganic cornerstones. This is evident from the simultaneous changes in the OH region: erosion of a band, 3677 cm -1 of 3-OH hydroxyl group with the formation of a new band at 3668 cm -1 as shown in the right insets. In case of dehydroxylated UiO-67 and UiO-66, the 4108 cm -1 component appear very weak, consistent to almost complete removal of these species (right inset of Figure 8b,c) . A second most red shifted ( -H) = -44 cm -1 ) hydrogen vibration is observed at 4116 cm -1 which appears as medium intense in the hydroxylated form of UiO-67 while is the main component in the dehydroxylated forms of both UiO-67 and UiO-66 materials. The intensity of this band shows inverse relation with highly perturbed band at 4108 cm -1 and so with the concentration of 3-OH hydroxyl groups, therefore the site giving rise to 4116 cm -1 band must be originated at the expense of hydroxyl group removal. The dehydroxylation of UiOs metal organic framework is depicted in the left insets of Figure 8a ,b. The four hydroxyl groups from a Zr 6 O 4 (OH) 4 cluster are released in the form of two water molecule generating triply bridged 3-O species at the cluster surface.
Therefore, we assign the 4116 cm -1 component to the hydrogen interacting with 3 -O sites. Upon further lowering the temperature (so increasing in coverage) the bands at 4108 and 4116 cm -1 show increase in intensity with simultaneous growth of number of peaks in 4120-4145 cm -1 region. The bands in the 4120-4145 cm -1 region in both UiO-66 and UiO-67 are due to H 2 interacting with organic linker and to hydrogen molecules condensed inside pores. These results shows that hydrogen is more perturbed upon interaction with surface hydroxyl groups than that upon interaction with surface triply briged "oxo" species. Moreover, obtaining hydroxylated MOF is less energy demanding than obtaining completely dehydroxylated, suggesting that .the ideal activation of UiO-66/67 MOFs family for H 2 storage is 250 °C, where DMF has already leaved the material, being the inorganic cornerstones still in their hydroxylated form.
Conclusions
In this work we report the first complete structural, vibrational and electronic characterization of the UiO-67 MOF, isostructural to UiO-66, obtained using the longer BPDC linker in stead of BDC. Periodic calculations performed at B3LYP level of theory allow a straightforward assignment of the experimental data.
XRPD, TG proved the thermal stability of UiO-67 to be as high as that of UiO-66 material (450 °C). Zr K-edge EXAFS testifies that the inorganic cornerstones of UiO-67 is the same Zr 6 octahedron as for UiO-66, just slightly modified by the change of ligands. The optimized structures at B3LYP level confirm this observation. Calculations also allow obtaining a full understanding of the vibrational (ATR IR) and electronic (DRS UV-Vis) properties of UiO-67. In particular, the experimental trend for the transitions UiO-66 UiO-66-Cr(CO) 3 < UiO-67 < UiO-66-NH 2 is fully confirmed by periodic calculation, demonstrating the role of the organic linker to define the band gap of the MOF and suggesting that MOFs functionalization 65, 87, 91 and/or interaction with adsorbed molecules are a mean to tune MOF's band gaps, opening a way for optical and sensoring applications.
Both UiO-66 and UiO-67 materials have been tested for molecular hydrogen storage at high pressures and at liquid nitrogen temperature. In this regard, the use of a longer ligand has a double benefit as (i) it reduces the density of the material and (ii) it increases the Langmuir surface area from 1281 to 2483 m 2 g -1 and the micropore volume from 0.43 to 0.85 cm 3 g -1 . As a consequence, the H 2 uptake at 38 bar and 77 K increases from 2.4 mass% for UiO-66 up to 4.6 mass% for the new UiO-67 material. This value is among the highest vales reported so far but is lower than those reported for MIL-101, IRMOF-20 and MOF-177 in similar pressure and temperature conditions (6.1, 6.2 and 7.0 mass%, respectively). 44, 116 Nevertheless the great chemical and thermal stability of UiO-67 and the absence of Cr in its structure would make this material competitive.
Temperature dependent (in the 15-300 K range) IR experiments allows to understand the nature of the interaction between H 2 molecule and the internal surfaces of UiO-66 and UiO-67 MOFs. These experiments showed that, due to a specific interaction between H 2 and 3-OH group of the Zr 6 O 4 (OH) 4 inorganic cornerstones, the most suitable forms of both UiO-66 and UiO-67 for H 2 storage is the hydroxylated one. Consequently the best activation temperature of these materials for this purpose is 250 °C, allowing DMF removal, without dehydroxylation of the inorganic cornerstones.
